Introduction
Yellow phosphorus slag is a solid waste obtained in the production of yellow phosphorus in electrical furnace in which the main ingredients are SiO 2 and CaO. It can be used for preparing silicon and calcium products with high added value. Studied were the kinetic characteristics of calcium sulphate crystallization in nitric acid lixivium formed in the course of treating yellow phosphorus slag with nitric acid solution. The crystallization kinetics parameters of calcium sulphate were determined.
At present, yellow phosphorus slag is used mainly as silicon fertilizer, cement, calcium phosphorous slag brick, porcelain tiles, microcrystal glass, white carbon black, and so on. [1] [2] [3] [4] [5] [6] [7] [8] The calcium in yellow phosphorus slag can be separated in the form of soluble calcium nitrate into solution. After separating the calcium and silicon, high quality white carbon black product with high added value can be obtained by leaching yellow phosphorus slag with nitric acid solution. 9 In the meantime, we treated the lixivium containing calcium nitrate with sulphuric acid solution in order to obtain calcium sulphate of high purity and quality, and convert the calcium nitrate solution into nitric acid solution which can be used to leach yellow phosphorus slag so as to implement the recycle of lixivium. The paper studied the kinetics characteristics of calcium sulphate crystallization in nitric acid lixivium in the course of treating the yellow phosphorus slag with nitric acid solution.
Experimental Experimental techniques
The crystallization process of calcium sulphate is composed of nucleation and crystal growth, and the kinetic characteristics of crystallization are controlled by the nucleation rate and linear growth rate of crystal together. The crystal nucleus formation has the form of primary nucleation and secondary nucleation, 10 and the secondary nucleation is applied mostly in the course of industrial crystallization for it consumes less energy, produces crystals easily, and increases the yield of the product.
In general, the secondary nucleation is the controlling step in the crystallization process. 11 The nucleation rate B 0 approximately equals to the secondary nucleation rate, B s , and it can be described by formula
where M T is crystal mass concentration, 12 k n is rate constant, G is the crystal growth rate, i and j are empirical kinetic parameters which can be determined by regression analysis with experimental data.
The crystal growth rate is relevant with nucleation rate B 0 and crystal number density n 0 . It can be expressed by formula
The research pointed out that in a certain concentration of crystal slurry, the mass distribution of the crystal particles with different sizes was related to the crystal number density. The calculation relationship was as follows: 11 The crystallization dynamic parameters of calcium sulphate were determined in the course of the precipitation conversion process of calcium in lixivium. 
where L is particle size, N is number concentration of particles in slurry, and n is crystal number size density.
For crystallizer, 13 if we can ignore the crystal slurry volume changing with time and the growth of crystal according to the ΔL law and the crystal coalescence and rupture in the course of crystallization process, the relationship between the mass distribution of the crystal particles of different sizes and the crystal number density can be described by formula ,
where w i is mass fraction of the particles in the particle size range, ρ c is crystal density, k ν is crystal shape coefficient, V i is crystal volume.
The study shows that the relationship among the crystal linear growth rate, the crystallization time, the crystal size and the density of crystal nucleus numbers can be depicted by formula .
The formula indicates the relationship between the crystal number density and the crystal linear growth rate.
14 By means of plotting with the crystal size as the abscissa and ln n as the ordinate, we can obtain a straight line of which the slope equals to −1 ⁄ Gt and intercept equals to ln n 0 . So, the crystal growth rate G and the crystal number density n 0 can be calculated on the basis of the test data in the course of crystallization.
According to eqs. (1) and (2), the test data in crystallization under different operating conditions, and by applying multiple linear regression, we can obtain the crystallization kinetics parameters i, j, k n and the crystallization kinetics equation can be obtained.
Experimental raw material and apparatus
Nitric acid, sulphuric acid, ethanol (all pure for analysis); Precision electric mixer, Jintan Automation Instrument Factory, Jiangsu; Ultrasonic cleaning machine, Kunshan Ultrasonic Instruments Co. Ltd.; OMEC laser particle size analyser, Zhuhai OMEC Science and Technology Co. Ltd.
Experimental method
Sulphuric acid solution (20 %) was added into the lixivium and stirred for 10, 20, 30, 40, 50, and 60 minutes, respectively, at stirring speed of 250 min −1 at room temperature.
After the precipitating reaction was fulfilled based on retention time, 10 ml of the suspension solution was quickly transferred into a previously dried and weighed sand core filter for filtering and washing with anhydrous alcohol, and then dried to constant weight in order to calculate the crystal mass concentration M T . At the same time, the remaining suspension slurry was filtrated rapidly, washed with alcohol and dried. The dried calcium sulphate was dispersed and measured in anhydrous ethanol with OMEC laser particle size analyser after the sample was ultrasonic stirred for 2 minutes. Then the crystal size distribution was obtained.
Results and discussion
The analysis of the relationship between crystal number density and particle size
According to the crystal size analysis data, crystal number density n of each grade range can be calculated by the eq. (4) and the relationship diagram between the crystal number density and crystal size L can be made. Fig. 1 is the relationship diagram between the crystal number density and particle size L for 10 minutes residence time. It can be seen that the crystal number density decreases with the increase in particle size.
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The crystal nucleus number density and crystal growth rate According to eq. (5), the relationship between ln n and L is linear in coordinate diagram of ln n and L, the slope equals to −1 ⁄ Gt and the intercept equals to ln n 0 , so the crystal growth rate G and crystal number density n 0 can be calculated on the basis of the test data in the course of calcium sulphate crystallization. . With the same method, the G and n 0 of the residence time of 20, 30, 40, 50, and 60 minutes can be obtained and the calculation results are expressed in Table 1 . According to the crystal theory, the degree of supersaturation is an important effect factor of the crystal growth rate and crystal number density for most of the substances in the process of crystallization. Fig. 3 shows the relationship between residence time and the crystal growth rate G. Fig. 4 is the relationship diagram between the residence time and the nucleation rate B 0 . It can be seen from Table 1 and Fig. 3 that the crystal growth rate gradually decreases with extending of residence time. According to Fig. 4 , it can be seen that the calcium sulphate crystal nucleation rate reduces with the increase in residence time. This is mainly because the amount of calcium sulphate crystal increases, the crystal grows gradually and the supersaturation degree of the solution gradually reduces with the extension of residence time.
Mathematical model of crystallization kinetics
The G and n 0 calculated under the condition of different residence time, the nucleation rate B 0 calculated by eq. (2) and the crystal mass concentration in suspension M T are listed in Table 1 . Based on the data of B 0 , M T and G in Table 1 and crystal nucleation-growth kinetics equation described by eq. (1), the indices i = 0.83 and j = 0.167, and coefficient -brzina rasta kristala, mm min -gustoća kristala, g l 
